Abstract
Ideally, the persistence of cEC as fecal indicator bacteria should be comparable to that of the most recalcitrant pathogens. Nevertheless, as the more labile pathogens deactivate more quickly, a pollution event that has occurred recently should carry pathogens of higher diversity and infectivity than an event that has aged. However, the concentrations of cEC obtained in routine water quality monitoring, as a function of input scale, population decay and dispersal, provide little information whether a pollution being detected is fresh or aged (Sokolova et al. 2012 ).
Another limitation of cEC counting-based routine water quality monitoring is the lack of information about the source(s) of fecal pollution (e.g. humans, farm animals and wildlife).
This hinders not only the identification of the source of impairment (e.g. sewage discharge vs. Building upon the tiered approach of microbial source tracking, here we demonstrate using the data of the current study and a previous study (Table 1 ) that the monitoring of the relative concentrations between the DNA markers of Bacteroidales and cEC is potentially useful for the differentiation of a pollution incident that is aged from one that is relatively fresh. The persistence of fecal microbes is dependent on a number of intrinsic and extrinsic factors, such as the physiology and genetic diversity of the microbes and the prevailing environment conditions. It is a common practice to use T 99 (i.e. the amount time required to attain 99 % reduction of the initial concentration) as a metric for the persistence of fecal microbes in the aquatic environments (Bae and Wuertz 2012; Jenkins et al. 2012 ). Here we use T 99 of cEC as a delimiter to differentiate fresh and aged pollution; we define pollution as relatively fresh when its associated cEC population is on decay towards 99 % reduction of the initial concentration (i.e. before T 99 is reached), and as aged when the reduction is > 99 % (after T 99 is reached).
In the current study, we conducted an outdoor experiment with two trials of a microcosm that was comprised of a 27 L glass aquarium filled with 19 L untreated seawater and 1 L raw sewage. Upon the adding of the raw sewage to the seawater at 9 am of the day that the experiment began (0 h), the microcosm was placed outdoor without obstruction to D r a f t 4 sunlight, receiving on average 13.49 MJm -2 of global solar radiation each day with daily maximum intensity of UVA ranging from 11.3 to 61.0 Wm -2 during the course of the experiment (Hong Kong Observatory). The total water level was 20 cm deep, allowing sunlight to penetrate to the bottom of the microcosm. Water temperature in the microcosm was maintained at ca. 26 °C (typical for summer days in Hong Kong) using a run-through water jacket pumping from the sea surface. The microcosm was continuously aerated using 0.22 µm-filtered air to keep the seawater normoxic (dissolved oxygen concentration ca. 8 µg ml -1 ), amidst the respiration of the fecal community. To reduce water evaporation, the microcosm was covered with a Dupont FEP-Teflon film (50 µm thick) that was reported to allow the transmission of > 96 % of solar radiation (Teflon 1996) . Water level and salinity in the microcosm was observed regularly. Water loss due to evaporation was replenished using autoclaved double-distilled water so as to maintain water salinity at 30 ± 1 ‰. Further description of the microcosm conditions are provided in Supporting Information.
The experiment lasted for 4 days until the initial concentration of cEC had reduced by > 99.9 % (i.e. 3 log) ( Fig. 1 and 2 ). During this period of time, triplicate water samples (200 ml each) were taken from the microcosm on the schedule specified in Table 1 . The water samples were 0.22 µm membrane-filtered. Bacterial cells captured on the membranes were subjected to the enumeration of cEC using CHROMagar TM ECC, and the determination of the copy numbers of the general (AllBac) and human-specific (HF) Bacteroidales DNA markers using SYBR ® Green dye-based qPCR (Liu et al. 2015) . Further information of the procedure of DNA extraction, and the conditions and quality control of the qPCR assays can be found in Supporting Information.
At 0 h of the experiment, seawater in the two trial microcosms was observed carrying 3.40×10 5 -3.44×10 6 CFU 100 ml -1 of cEC, 4.73×10 9 -1.08×10 10 copy 100 ml -1 of AllBac, and 5.07×10 8 -2.17×10 9 copy 100 ml -1 of HF ( Fig. 1 & 2) . In trial one, the log 10 transformed D r a f t 5 ratio of the concentrations between AllBac and cEC (AllBac:cEC hereafter) was 4.19 whereas that between HF and cEC (HF:cEC hereafter) was 3.29 ( Fig. 1) . In trial two, the values for AllBac:cEC and HF:cEC were 3.29 and 2.53, respectively (Fig. 2) . These values are in line with what had been reported for human feces and sewage that AllBac was 2 to 6 orders of magnitude more abundant than cEC, and that HF as a major Bacteroidales lineage was 1 to 2 orders of magnitude less abundant than AllBac ( Nonetheless, the specific decay pattern of each bacterial indicator varied considerably between trials ( Fig. 1 & 2 ; Table 2 ). For example, AllBac and HF had shorter "shoulder lengths" and more rapid decay in trial one than in trial two. The decay of cEC in trial one was log-linear for two days followed by a tail whereas the decay in trial two was biphasic with a relatively rapid but short 1 st phase and a slower but longer 2 nd phase. Biphasic decay is believed to be the effects of multiple environmental stresses (Bae and Wuertz 2009 and 2012).
We suggest that such between-trial differences were due to the variations of one or more intrinsic or extrinsic factors associated with the experiment, including but not limited to weather conditions, and the genetic diversity and physiological status of the fecal microbes. Generally, the values of AllBac:cEC and HF:cEC increased in relatively large magnitudes during the first day, as cEC decayed towards 99 % reduction of the initial concentrations (T 99 = 1.13 day for trial one and 1.14 day for trial two) and the Bacteroidales DNA markers remained relatively recalcitrant ( Fig. 1 & 2 To corroborate our results, we re-analyzed the data of two seawater microcosms of our previous work that had fecal source and incubation setting different from the experiment discussed above (Table 1 ). The setup of the two microcosms is described in details in Liu et al. (2015) . Briefly, the microcosms were kept under normoxic (dissolved oxygen ca. 8 µg ml . The microcosms were maintained indoor under darkness at 26 °C for 11 days until cEC had decayed by > 99.9 % of the initial concentration.
The concentrations of cEC, and AllBac and CF (the DNA marker for cow-associated Bacteroidales) were monitored over time (Table 1) 
Concomitant with the differential decay was the relative concentrations between
Bacteroidales DNA markers and cEC exhibiting a trend of increase over time ( . These issues concern all microbial source tracking studies, including the current one. In fact, the detection of CF reported in this study was performed using a newly designed primer to alleviate the effects of cross reactivity with non-target animal sources (Liu et al. 2015) .
A previous study proposed the use of the ratio between the host-associated The method that we propose in the study is indeed to capitalize on such differential decay.
Therefore, further testing should also include the feces of multiple animal sources and evaluate whether it would possible to determine the status of the pollution (fresh vs. age) Relative decay of fecal indicator bacteria and human-associated markers: a microcosm study simulating wastewater input into seawater and freshwater. Environ. Sci. Technol. 
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Supporting Information
Materials and methods. Supporting information for microcosm conditions, DNA extraction, qPCR conditions, performance characteristics of qPCR assays, alleviating the effects of PCR inhibitors present in DNA samples. Table S1 . Primers for qPCR enumeration of the 16S rRNA gene markers of total (AllBac), human-specific (HF) and cow-specific (CF) Bacteroidales as well as the cytochrome b gene of the barnacle Balanus amphitrite serving as DNA recovery control (DRC). Table 2 . Decay rates of culturable E. coli (cEC), and the 16S rRNA gene markers of general (AllBac), human-associated (HF) and cow-associated (CF) 11 Bacteroidales in seawater microcosms. Each microcosm was conducted in two trials. Data were fitted to decay models using the GInafit software (B: 12 biphasic; L: log-linear; S: shoulder; T: tail). Data shown for biphasic decay include decay rate constants for the first (k 1 ) and second (k 2 ) phase (day -1 ).
13
Log-linear decay involves only one decay constant (k 1 ). For decay curves having a "shoulder" preceding the decay, "shoulder length" (SL) is provided 14 to indicate the length of the period (day (Teflon 1996) . Water level and salinity in the microcosm was observed regularly.
26
Water loss due to evaporation was replenished using autoclaved double-distilled water so as to 27 maintain water salinity at 30 ± 1 ‰. were used for each copy number of a DNA marker on a standard curve. As a measure of the (Table S1 ).
62
The dynamic range of the standard curves of each DNA marker was 2 × 10 1 -2 × 10 6 copy (Table S1 ). 
